
UNCLASSIFIED

AD NUMBER

ADB815161

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to DoD only;
Administrative/Operational Use; 26 AUG
1999. Other requests shall be referred to
Air Force Materiel Command,
Wright-Patterson AFB, OH 45433-6503.

AUTHORITY

WHS LTR APR 2009

THIS PAGE IS UNCLASSIFIED



I SO.S. GovErn MEnt
IS ABSOLVED

FROM ANY LITIGATION WHICH MAY

ENSUE FROM THE CONTRACTORS IN -

FRINGING ON THE FOREIGN PATENT

PIGHTS WHICH MAY BE INVOLVED.



V

itUNCLASSIFIED

I L . . ..



Vk

V PURDUE UNIVURSITY

Dt4GINGEBWNG EXPDRlIMENT STATION

LAFAYETTE, INDIANA

EXPERIMENTAL INVESTIGATION OF

HIGH HEAT-RELEASE COMUSTION CHAMER

Aflmy AM FO'iCFJ COOFM1ATVE RESEAIC1 PR~OTECT

M4-12-4
Ccatract No. W535-ce-3886



PURDU U NIPVERSIT Y
CO1FIC Ole TH~O~4 O Ng~~

A" A'LAY19TyIK, INPIANA

!"U 10,0 1945

Qommndilg 'Org~o"AAWVAir Fqi-ces

~ ~r Ivarmica) 0.oviae 0opond~

Dayton, OhioO

A' ubjeti Coopuertive p.Asarh Project U!-125,
COntftat Roo V15 ac-38896, Itom No. 2.

X AnAtachinj herewith. three copis each of two reports

O*It'±s Xtemi 2 Ot contract W333 ao-laft6o Those -reports are "In-.

A- estigati.on 'of Jo.t propulsion Devices',$ by R# Xulik and "Eicpovrnmantal

X(netiption of H~igh Heat...Releaso Cornbuntion Chambrst", by 0* 0. Cromer

and- 4s. Itus.

The. tirat, of-theno reports reviews the I'ocults or our inves-

tiptims of jit propuluivo, devices from both a thoorotinal. and bxr±..-

meitl stsindpointo Tho theorotical study has be -n mado to lnvontleato

__ the Utflence of 'varloun factoro on the efficiency of jot propulsion

system~ And also a thcoroticAl and oxporimintal study of factors that

* adght load to imp~rovvmont in tho application or thoOG O:Jfltowm. in tho

iwvotigation of the possible mothoda of lmprovomcntc, experimecntal and

thcorotical studies hava, bo-.n made on tho possibilities of' thrust aiug-

Melntoms Tho *reoulto of our studios, have alioun that u~nder certain

conditions it in possible, to Intreazz the thruat of A jot cngino by

AbfIt 50%.* ThIS advantaip, io bas c only at loi ,nlocitioa and would

bo of valuo andor talm-f conditions*.

--- JEW



j ~'Tho accond report in ompoting t-hiB Itom iQ concorned with

the axporimohtal investigation of high hoat-roloaco comnbustion ahamb~ro.

Ibis port of tha investigation is a continuation of a provioua roport

fumiahod, you on thin aaw subjects It ,as found that hcat-roleaso

&o high as 2010O(~,OOO Btu/hr por ou ft of corrocted burnor volume oculd

bo obtainod. The ton~aoaturmn in tho burner to obtain such high hcat-.

rola-vuc~ wore in excona of 28000F which causcd matorial probloms, ~Owa

Txpermonta2. work was done in carlior designn to dotcminu tho offoct

* of tooling of burner walls by making a burner with coil of 1/4"1 stcol

tubing through which oooling water was circulated. It w~an found that

* the combustion proco wao oxtrcmely critical to thQ burncr w.11 tcm-
poraturo. Any slirght raduotion in thw, tcrraturu of th-w bumncr wal

rcoultcd in inompletU ccribuotion within tW kiriicr chaibtr. Gubsoqucnt

doailnos attempted to control wall torpraivture by combu~tion air cir-

* !h..pctfully aubmittcd,

A. A. Fottr
Doen of the Schnola of Dnginox.inf, ind
Director of EngInu..ring EV rirn..nt St-tticn
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This investigation wao concerned %ith the design of a ,igh
rote heat-releaoe combustion ohambor thich would operato conslstently,

' IK rdapOndsOlb y and efficiently, the greatotemphasia beina placed or. the

first two of those operating characterintioo.

The release of groat auizotitlec of heat in a s'alU vlumo and

with low pressuro drop in the burner -eeoonta a number of difficult

problem. This in'vcotiZatiou has boon concorned w t a fundamental

btudy of the factors whioh influenco the dusign and performance cf

ouch a combustion ohamber. This has reoulted In many eoparimonts vith

different designo, and facto loarod through those oxperiants have

boon used to progrossivoly refino the doosgns.

Previous work on the subjeut had shown that hoat-rolvto rlates

as high as 20,000,000 D/hr per cubic ft of corrected burner volur.

sould be obtained, i.e., that it was possible to so control tha pLx.n&

of fuol and air, the ignition of the wixturo and the burnine of V a

mixture that the great beat-release rate givon above could be reached.

Such hoat-rolease rates wore naintainod for only a short period at

the beginning of this work, however. The high heat-rel*ace rates were

accompanied by rapid detorioration of the burnor by the high tempera-

turns reached in the combustion process. Tooperatures in excess of

2800 F mro developed in all of the ch&ibors tooted. Cbvloualy, the

cueetion of materials to withstand such ttmporaturov was a difficult

one. This problem was the lizit ng factor in all work done. All?~Io



doeis i arrived at rare nfluonced mere bjy the noceeity of withstanding

the WC6oW temporaturea within the burner then by any o ehor convider-

ations for vMr little could be done to improvc starting operation,

afto neny, ete., until a chamber having A burner with an appreciable

life was perfected,

Sinoo it wae impossible to secure burner materials Alch

would withstand the oxceoive temperatures of the combustion procoet,

a different approach to the problem was ueed. Combustion chambare

wore designed with the idea of cooling the wallo of the burner to a

oate operating toemporatuo. In an oarly dosign, the portion of the

burnor hero the greatot combuetion occurred was a coil of 1/ steel

tubing through which cooling vator wan circulatod. The flow of water

could be regulated eo se to maintain different burner tevporatur !i.

Although this burner waa Cound impractical, one important oo.tnt vim

obverved: the combustion process wo extremely oritioal to the bvrner

wall temperature.

The Idea of cooling the burnar by circul tins a liquid coolant

was abandoned. Instead, the large quantities of air used in combustion

ware utilized for cooling purposes. A number of oheamors were designed

so that the flow of air wee used to coal the burner. Some of thco

designs ware failures, othero, wore satisfactory. In general, however,

the utilizing of the combustion air for cooling the burner showed gro&t

promie. Many previously unknown facto wore learned and a number of

old problem wore solvod by the now approach.



Tho probloms anooemtered and the measumn taken to solve

b. i a8r dLoouvaod in dotail, under Combustion Chamer Studi s, It

i-6id be Omphooizod What the oolutions to those probltao Io" :um

:bi~ and Ouan rdertooel botvpvor, ut the t4ino the3l woro onoountarod

the w*o of wJor importnoo bocatto of the 3ack of knowIcgo as te

tho r iaprotnato in the ovoral doevalopmwt of the cobLotW. ohatebar.

A oombustion ohoaber has been devignod and bulit l ororntirw

a3J the 1mor''*e and oxperienco goined through obsc afmoni n d

oxporIeoo vith provlous chambers, Ito operation has con.tf Iwd the

valdity of cootoin ideao res. ding the deasin of the imber.

The object of this Invotigation w.3a t4o 'i findwjt&

iaomttlon on the design of high heat-rolo e rate ct J ,i or c: .

The ideal combuotion chumbpr wao to be ouitablo for applto~tion to

jot propulsion power units or gas turbino or cowbinationo of both.

The eobuation hoborr ras to be oafl in ste, conoistont in opera-

tinn, and was to be capbblo of Lboihting soveral million Btu per hour

"r aibic toot of combustion chamber volume. Furthonaro, n Combuotin

ehaber of eIaplo diottn having an appr ciablo life was desirod.

This investigation wae carried on iith these basic requirc-

monte In cind. Although the combustion thambor was to be suitablo

for applioation with jot propuloion devices and also gaa turbinoe, so

attapt vae made to study or Invotigate eitbor lot propnlson urdts

A -



tAnt got infornt4Qoi coneorning theoo -

buut~o chsrswa o siah units, Thisa investigat~ion was concerned

... th the ~e~y of the effect or douign on a high hoat-roleaso rate
c¢i tior habe"r and the cOal.eotion of fundamental Infoiation on

?igurs 11 In the Appendix is a diagram of the arrang g nt

of the apparatus used in the Investigation of the high heat-release

rato combuoton dabers. DamieaUy the apparatu3 *oneiotod of two

flow ciroidt one for the fuel and one for the air. go. 3 grade fuel

oil havLg an .P! walue of 31 was used as the fuel. It e43 felt

that roprooontativo resultv eould be obtuixwd with nuzth a tu.l o:

its houtir~l valuio cows W ti,4 .i -- *mS. U fue~ls

uQch ae -, ,- grce gasoline. In additonp the Vo. 3 grade

oil was btter auited from the oafetr etandpoint, and facilities for

hawlinig that. grade fuel weore alread available in the laboratory.

Whon the inVstigatioa W36 first started, the idea of using

a oar pimp for tellvM of the fuel oil under prosoure to the fuel

notsle seeod wvrthwhilo. Later, howevor, the mothod shown in Pie. U

wao adopted. This fuel s stem consloted of a fuel supply tank, a

proessuro supp y tank, a fuel-rate Case, and such control valves end

gages as waro necessary. The fwul smpply tank was a cylindrical, stool

tank capable of withstanding pressuroe of 2WO psi or are; It had a



In comercoa Aitro~on bottles which wore connected d3-octIy to t.he

../ :,; Jap btto , Valv w er io o nstalled so that ar Given pres re (up to

. 11e rate of fu l consuoption o vaa mesred by a rototor

plaed 1A the fuol line Juat ahed of the fuol flow control valve.

This rotfmotaer road directly in pounds per hr and had been caltb,-at od

opOciOally for the fuel used by the rautfatur;r. The rate of flow

woe controlled by the fuel Sflo control vavle and the presure of the

Sfuel at the noialo could be road. Seoverl different capocoty rue4

nrazloe womuvod and nozzle* with 4ifforont apra7 ngleo cre tc~ted

to find the one having the bot churacterlatics.

The air ouppl$ ws compood of two cyotom - a primary air

supply and a secondary air supply. The roaeona behind tho two -,-, ,to

air oupplios era given In detail in Combuntion Chamber Studlea. At

first one air oupply was suffiaient. Thij was later called the primAry

air oupply. This air oupplv wan composed of a comproacar driven by

an A.C. motor, a storage tank with a relief valve, a control valve

for roeub tine the fMw of asi to the combustion chamber, and a proa-

-ourO gate. The primary air was introduced at the bottod of the chamber

Just ahead of the fuel-air cone. The compreosor wao a four cylindor,

8inglo-otso compressor capable of dolivrvj air at 135 paia Troo-

suro. The volue of air oupplied wae meaourod by a dioplacement type

motor placed at the inlet to the comprooesor. This sinle air supply



~ miLa to Lv0VtigatL~ft of the first foc-Nomto~r dwolir-s.

I" baehosm .oesesoy to odd an additionatd air yt,..:: Iw

609 S*4D. TIMS me the esocadary or Iv~ pressure air sui I j.

I* MONh iM sId S.pl OOtmaktd a omproeaQ driven byea D.C. antok,

48864L VGI fW Po0*tiq the ownwit and d!iqf.rI'jMna of L.,m al ,

* NUO* WeIV ter edjowittee the p..... head rn the 'arr~sior, ane

0 ,ueSeWe PA. The Ooapussor was a Roots tno. The val uw of 'i,

9148 ineOsured b, an orif Ie motor plimned on th~e inlet to ft.*

So. eematt~esahshe wore tuiAed in a vortieti! ,u1ton.

"ft ar all goaed on goalos s" that the to'~n -mo~,at ;!n od ! 'o

masined. The thrust moesuroeats were diN-t~tintied, hesnwsr, ele *"

oo effetivio way of Itolat~ng the oabut !-. -t.4.bjr fr= thgo offs _,

of Wh sir leads was fowil. The extiaust ' &OS f,-" tli 0 L tJ

sembers wore expolled Into 'nA e.aust 1J d c-)nt ttd a w tvk.

."414005 Of 3JAtatlirna nf ops" the iol~ticri *srgt'j to rot

OhAm la Fig. IL. The fuel-air mUinte orn t. by a vegark frme a

spotk plot~. The spark wee oug;jlied by a #;ark coil and batterIes

almg awea of 4tioaltiest were sncowatoee in the igniti*of v

the sharpes, the sato apparatus no used vt), all of the ooustin *

Abers.

I
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Previou ork had ehown that it wao possible to relea eo groat

quantittom of heat in a omall cobustion volume. In foot, host re-

lseal an hih in 2OOOO,00 0/ir per cubio foot of corrected borbuo-

tion chamber volum had been obtained. Such hont-roleaoe rOto wore

maintained for only brief periodo, howovor.

The uttimate goal of extonding the period of hieh hoat-roleao

rate to en approolab.o or useful longth of timo proonted a namb r of

perplexing, difficult problem. Furthermore, moat of thono problom

wmr Interrelated to auc n ex-tort that ti solution of ono eoriouoly4

and edvoroely affoctod the othera. As a reoult, the invostigation of

high heat-reloaoo rate combustion ohar bers becamo a took of cooer doriL

In turn the effect of a number of known variableo on the overol ro%-

formance of the chamber, doectnn chambero accordingly, a.0 than

testing them.

It ehould bo obriouo that ouch a procodure wao lengthy and

involved. Howovort this prooo'uro woo valuable in that a ntubor of

intorostino and important facto become known that might othorwiao have

ramatnod obaoure cxcept for this trial end error method.

The problem of releasing groat quwatition of hoat in not in

itself a great protlo , but the problem of great hoat-roleavo rate*

in a small volume and with cortain limitations as to proportions of the

combustion chamor, volocitio throughout the chamber, prenures Vdth-

in the chambr, officionoy of combustion, eonsoitency of operation,

*1
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control of tomporaturoe throughout tho Chamber, durability of the

P 6hatber zdear operating conditions, nztoriala available ad vultable

for he ohambep, ease with which combustion can be started in th,

OwAmber, and altable ignition motbods became exceedingly compleac.

m8e of the ]ltations juot mentioned wore not obviou at

the beginning of thie Investigation; in attempting to maOtt certidn

'of the Uiniitationh, others came Into boing. That is, it aeon beoamo

evident that soo e cases it was impouoible to fulfill certain ro-

quiromente iithout in.ingi on certain other ones. Thun, addltllonal

limitations were impoood an thoe already exiatiog.

for oxaplo, the efficiency of combustion was influencoed by

the velocities of the gasoo through the chamberl the vcl.eaitio ,f

the gaeee influenced the temperatures within the chambor, and thn

tompersturee withia the chamber influenced the officienoy of the com-

bustion as wall as a number of other thing. N~ov, It the volcity

of the genes through the chamber wore changed to Improve the combuution

effiaieney, this change tfold cause chaneo in temporatuf) within the

chamber whioh wuld In turn affoot the combustion efficiency, 1urhaps

adversely. Thuo, one change oaueciJ an unanticipated ohongo which in-

duced atLiU another change.

It shouldn't be difficult to approoiato the problems impoued

by ouch a high doeroe of dependency of the variablen !n an invustiga-

tion ouch as this, As a result of this dependency, progress 1a de-

volopn a suitable chamber was slew and tOdious, It nocosaitatod

a.

Vta
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4 program of conatructing a chmber, tooting it, analyzing its per-

, omamne. In Dome canoe thove ohangee weore bonoficial; in othore,

they were either matral or even detrimental to performanoe.

A great amount of information was gathered on the problem

of the high hoat-roease rate combustion chamber. This informti on

is in a rather intaniblo form, however, i.e., It cannot be put down

as data in t-able form. to yet, It hao boon impoo able to tet a

chamber to ouch an extent that performneo oharacterlatice cn be

reordod for etudy and anaL ys. Iln the prooooo of tooting chambor

deiins, certain fretu havo become known, usually by oboorvotion,

and these facto have influenced the design of the next chamber. Thum,

the knowledge on the eubject io not revealed by tablen of datA 0o1

aeries of perforianco curvoo, but rather by progrnoivo rofinmoeita

in combustion chamber dcaigno.

V. gOU8T3O C"MP$J STUDU4J

It wao shown In an earlier report an this project th, the

very high hoat roloaao rato ia aecompliahed at the tpenae of combue.-

Lion chamber life, i.e., the combuatlon chamber, particularly tMe

burner, detorioraton rapidly becauao of the high tomporaturoo accom-

panying the higb boat-rlaenec rate. The report further ohowed that

combustion-cer-mbor life could be prolonged by docreasing the hoot-

releane rate. Thuo, P. choice existed between high hoot-rolease ratso

with abort burner life or low heat-roloano rates wdth long burner life.

'4



Neither of theoe two oxtremeo to ontiroy doirablo

o, Q0 etier one reOpreoenb an partioular acoompliohmont. The real

.roblm to that o obtaining high boat-rolease rates and aleo LoM

'ane .)If** Therefore$ the object of this investigation hac bsoon to

#evelop a oosbution Choabor which wi3tl liberate hoat at rated ax-

< ''  0€difl5 2OOOO0,00 D/hr per cubic foot of corrected combustion ohNtor

volume, which will operate conslotently cand effcientlTy, and which

will have an appreciable life.

BeforO going further, a description of the ronaral

arrangement of the combustion chaffbor should be given. The combustion

chatter asseembly Wo gado up of a burner unit, a tel no zle and air

cone unit, an exhaust nozzle, an air Inlet and the oembustion chanbor

walle embracing the entire a eembly. The combustion chamber was ploced

in a vertical position for convonionce.

The burnor unit nhore combustion actually took plano

was a cylindrioal charbor soparaod from the combustlon chambor walls

by an annl a r air space. At the bottom of the combustion ohbabor was

the air inlet allowln the air to enter vortically end centrally. In

the path of the air stream was an air cone containing the fuel nozzle

and perforated with air hloeu to allow air to entor around the nov¢le

and mix with the fuel. The nousle was in the apex of the cone and

sprayed the fuel in the direction of air flow; the apex of the cone

pointed opposite the direction of air flow. A spark plug wee preod

I
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o.i hat aesark ocurred in the air cone and ignited the rich Arture.

Ti6eburalng riceh mixture was discharged from the air coae

into the burner. The lower portion of the burner contained a mdIng

ohauerg ttl thi .zing chamber contained air holes or spaces which al-

lOWed more sir to mix with the rich mixture to prodace a hIgh,y com

bustible mixture. Burning then occurred in the upper portion of the

burner and the hot gaace were diocharged through the exhaust nozzilo,

Thin orrangoaent of the combustion chamber woo ueod throuh,-

out the entire investigation except for certain ohaCoio whtch will be

mentioned later in thia report. Figure 4 thowa the combustion chamber

numebly just described.

The design of the burner was the source of Groateot tri-lo.

Tito two problem caudn g difficulty wore proper mLn& of futil and

air and resiotance of the bar or to the intense hocat of the combtia-

tion process. The oporation of the chambor wne extrmoly criticne

to the fuel-air ratio of the mixturo and to the position within tho

burner where proper mixing wa achieved. Thooo facts wore of groat

influence in the deslgn of the burners. A number of different burnors

wore dosignod and tooted. The cne eobustion ehnmbr asocmbly ohown

in Fig. 4 was used ooept for the burner.

The quoetion of ftinding mterials for the burner was the

primar problm In the deaig of the combustion chaber. Tom crat urn

in excess of 28W! F wore developed in all the chambers doeignod,
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4,ontoteds and teoted, Obviously, the eolection of atorials to

46ta~tnd aucb temaperatures was a difficult one. A number of ideAn

reletive to materials wore either tested in actual practicv or in-

vestigted through literature and actual correspondence with Monu-

faoturerov

The idea l' ocoramic mterials for the bur-ner to lf oeomed

worthy of experimental study, no a burner unit wao conrLr'ictd alcrT

thie lino. This burner unit, burner No. 1, is ahown in Fi . 1. The

portion of tho burner whore the grotetoombustion occurred was a

oorcolain cylinder 2-3/41" x 7" with 3/16" walls. The lower portion

i the burner was a mixing chamber. Thin contained a number of air

hioeo and servod to produce a .'ombuatibl.e mixturo from. the rich mJiixtr'

pr ,-oceding from the region of the fuel nozzle and air c-ens

A lumber of such burnar were toted, and the rmsultn ware

vory bqd. In each case, tlo porcelain aection wrs brk,!,on -'nd fractured

into many uogmone. The manufacturer hod nfooifiod an uppor tompnraturo

limit of 3000 0F for this porcelain and there was no roaoon to believe

that thin limit had been approached within 300 F. Other caune for

failure nay bad been ehooko duo to vibratione within the burnor or

otresses within the w~lls oauiod by a difforonoe In tomporaturn between

thu interior and the exterior eurfaceo of the burner.

This burner wae abandoned in favor of r, doesin alor, dit-

feront Lines. Since It wae Impoeoibl* to eure a heat revaotaat

wtorial, the problem wan approached from the utandpoInt of cc 'ng

the walls of the burner to a safe operating teom.-rAt, rc



'S Mo attempt to cool the burner, a water cooleld

;""ection wan esoloyod. Thin water coolod aeotion wAs the portion of the

bumner where the greatoo heat releaeo ocourreod ao determined from

previous experimnt&. Thin barners burner No. 2, is shown in Fig. 2.

X, T iMe lower section wan a mixn ohaborl air entered through the Or

hole. and produced a hicl2y combuetible mixture from the rich nixture

lesuing from the air none, The center section of the burner was the

combuetion space and was the rtato? coolod section. This vaction wns

a coil m d of 1/4" OhmomiurA-patod, oteal tubing. The upper octior.

was a plain steel cylinder conducting the exhoiut Cases to the exhaust

.o. lo. Those formed a cylindrical burner 2-1/2" I.D. x 11-1/2" in

length,

The center soction was Lort.ed as a loose coil with apaoas

between succeseive tme, Those ospace were for the purpose of e1lowng

air to enter the burner. There were indieations that additional air

was advantageous at this point in tho burner, Furthermore, air paoeitg

through those spaces would have a cooling offoot upon the wall* of the

burner. The principal ceoolin , however, woo done by water eirculating

through the cols.

The 1ret testo with the ,,-- "r'o's -ft n 4, ,,

It wan elmost Impossible to retain the combustion within the burner.

Thin causod very poor rporation. The ouantity of fuel wuned wro very

,lited and the abltty to create any proesiro vithin the burner van



greM 1y deoreased Since combiotion was occurring outsido the amhost

notolo# there ooed to be one or oven two footors contributing to this

OerTO , afooe First#, sufficient ixtodg was not t.a piaoe noon onough

o "~o oW cobus *ion to proceed to completion within the burnorl cocond,

the burner was being cooled so much that tho rato o conbuotion wt, - re-

tarded to the extent that the rate of flow (f charge through t he burner

exceeded the rate of burning of the charge.

A baffle w n then placed in the comhustkn ohambvr aoaaably

In suob a mamner that almost all of the air entered the burnor through

the air cone and vOzr little air reaooed the cooling coil. In t hi way,

mixing was assured at the entranee to the burner, and also the temper-

ature of the wati of the burner could be controlled by controlling the

flw of water through the cooling eoil.

Because ef the complaxity of the burner and the todtous and

critical nature of the control of its operation, the burnor dosign waS

put anide in favor of a simpler design. Sinco large nuantitites of air

ware brought into the embuntion chamber for combustion within the

burner, a plan ima devised for using this air to cool the walls.

Ir %-evious chacbors deterioration of the watl by the beat

within the burner could hove boon prevented hod the host been readily

tranamitted through the walls to the ourroundin layor of air. To

facilitato the transfer of this hoot, the air mout occur the walls of



thebi~iie~.Furthermoro, more heat could be transferred if thrao

of cooled a urface to heated eurfaco wae greater than unity. Tio now

Wbuner was desJned with these two ideas in mind.

Pr uro 4 of the Appendix shows tho section and detail views

alr similar burner. The burner shown in Fig, 4 was a modification of

the o oi design. The basic desCn ws* the same in both oaooo, how-

ever. Burner No. 3 was cot.ructed of 34 vertical elemnento fitted into

two end pieces. Theco elements were made of 1/B" x 1/2" cold roll stool

and were fitted into milled slots in the annular shaped end soctions.
0

These 6lots were milled at 45 with the radil of the annular end oeo-

tions. The aeoembl7 formed a burner 2-3/8': I.O. x 11-1/2" in length.

The vertical elements wore aseemblod with about 0.003" ide air o oes,

These air spaces produced a tangential movement within the burner pro-

viding needed turbulence. The vertical elements gavo a large ratle of

cooled surfaoo to heated surface.

The firal tets with the now burner wore rather unsatiof actery.

The main source of trouble was combustion takIng place beyond to ox-

haunt nozzle. Except on rare occaoiono combustion cuuld not be con-

fined to the burner alone. The reason for thio appeared to be that too

much air was entering near the top of the burner. Conoacuontly, the

optimum mixture conditions were being established at the exhaust ,oozzle,

end the charge was going out the exhaust nozzle before combustion nocld

take place.

1I
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In an attempt to remody this.condition rowe of holes were

drilled around the base of the burner t5 allow more air to enter at the

bottom, Tests ahorol a dofinlto Improvement in the performance of the

combustion ohAmber. flowevar, the oFeration of the chaombor woo %ery un-

steady# at control of it we very difficult. More holte weri drUed

in the base section of the bursor to allow even more air to cntor near

the bottom. This did not improve the performance to a noticeable do-

tre. As a final change in the apparatus, the areA of the exhaust

noazzle was deoroased. This change mado a definite improvcmont tii rr-

fowmance. Combustion could be restricted to the burner alone; howovor,

the oapiaity of the burner to burn fuel was docroaaed. The teats on

this burner indicated that: the velocity through the burner must be

slow Onaugh to allow combustIon to go to completion within the burocr;

a highly combutible mixtura must be reached at the entVaioe to the

burnor; and nome of the oapeity of the Lrnesr to burn tual mutit bs

eacrificed in order to got combustion to occur ccmletoly within the

burner.

When the burner was inspcted after operation, it wea found

to Le in a bad state of repair. The vertical elomento were considerably

dietorted and howead evidence of high temperatures. In this burner

design no epaeo had been alLowod between the alrinuol cone and the

burne*. Consenuently, the burner could not expend froely under the

Sstmrlus of the high temperatures and distortod itself because of this

restriotion.
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The burner was repaired and subjected to further tests. In

thes tests the burner did not perform eatiefactorilV. Co.mbution vould

not occur within the burner except at infreouont intorval. and In general

the perfortanoe ram very erratio. At timan whon oombustion was occurring

within the burner the capacity was very low. No. appreciable pro-

sura could be built-up within the chamber, so the anount of fuel that

could be burned was also low.

It was 6boorved curly in tho work on combustion chambers that

N the oapcity of a combustion chamber, or the amount of fol that .could

be burned within the burner, waa dependent upon the pruseur- within the

ohanmbor. This fact was confirmed in each design tried. Until an appro-

ciable pressure of fron 15 to 20 psig was obtaincd in t.1,o burnor, the

aswunt of fuel that could be burned was small. The oxi lanation of the

relationship between corAeity and prooeure Is dleouosod It*.or In Analyeia

of Resulta. Therefore, it is sftioient hero eal.y to mofltion tie

fact that the pressure that could be builto-up within a burner had a

direct effect upon the capacity of the burner.

8ince the pressure that could be built-up within the chambcr

was low and the performance wan unvoliablo, thie combuotion chamber

deilp wao shelved. After the tests the burnor wao examined and again

found to be in a very bad condition. The vertical elements wore badly

buckled and twisted. They were not burned by the flame. The daage

was undoubtedly caused by their inability to expand. It % o obvioiue

that the burner dosign must be altered. sith a burner undergoing ooh



distortions it was impooeible to maintain constant conditiona long

onoWh to form an opinion of the performance characterietio of the

chamber. This groat distortion explained a groat extent the erratic

performanoe of the burner. This burner design was, therefore, shelved,

and a new burner was designed incorporating a number of changes auggoeted

by the experionoe with the previoue burner.

The new burner, burner No. 4, wom baoleail~y tha come as the

preceding one, the principal difference being the arraoneont of the

vertical air slots. In this new burner the slots wore tapered, i.e.,

the spaces between the vertical elements wero greater at the bottom

than at the top. In fact, there were no spaces betwoen the elements

jat the top. Since, with the previous burner, coia uction was tafirng

place ontside the exhaust nozzle, it was nocosary to introdut. the air

nearor the bottom of the burner, The vortical eleante wergr ther-efore,

placed so that moot of the air entered the burnor at the bottfrm nnd

progressivol smaller amounts entered near the top.

In the provibue burner, tbe offect of expansion of the vertical

elements was very destruotivo to the burner. To allow for the expansion,

the burner was suspended within the combustion chamber with a 1/160 spape

botweOn the alr-fusl cons and the burner. Around the top of the burner

was a lip which rooted on s ring placud in the combustion chamber just

below the orJiauot coato add thus ouspendod the burner in the chAMber.

Figures 3 and 4 in the Appendix show this burner In dotail.
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In preliminary tests with thin now burner, combustion still

was not confined entirely to the burner. AlthouZh there wan a definite

Improvenant which indicated that the introduction of air at the bottom

was part of the aneor to the problem, it was still evident that the

most oombuotiblo mixture waa still boing obtained too no&. the exhaust

nosile for combustion to be completed within the burner. Another factor

possibly contributing to combustion occurring outoido the bur,,or wan

too great an ignition lag. This seemed to be a logical roason when the

performance of the burner was anal$zod. This analy yoe Is diocusoed in

detail in An&alia of Results. At this point it io enough to say that if
because of the high velocity of the mixture through the burner at high

capacity and because of insufficient preoeu-e within the burner, the

effet of ignition lag and slow flame propacation were onou~h to retard

combustion so much that combustion could not be cimplotoi withJn the

burner. The simple method of overcoming these oltfett ivuld have t vn

to lengthen the combustion chamber until the tLiza fr travel of te

mixture through the burner moe long enough to allow combustion to be

completed within the burner. This however, was not entirely desirable.

It had boon observed earlier that when aombuotion vaa oc-

eurring outside of the chamber, the burner was in offet noting o a

mixin chamber. Furthermore, if a socondary combustion chamber weore

added so that the mixture formed in the first chamber would be di- -

chae od into the socond chambor whero combustion could be complotod,

the problem of ctmbuakion outsido the chntbor would Frobably be eliminated,
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This arrangement seemed to have many possibilities. Clocer analyala,

however, indicated that the disadvAntagas would overcome Ve ad,'ait gcs.

So$ the idea of using a coeohdary combustion chamber, elthough not

abandoned, was definitely put in the b4olcground until future develop-

cants could justify Its use.

The idea of a divided burner$ i.e., one with a ;ortion iwhoro

combuation could be started and a portion where combuzton could be

completed, oaamod to be a feaaible and practical an:vw to the combun-

tion problem, however. Therefore, a proeombnmtion chamber map in-

corporatod into the combustion chamber. This prooombution chaber

was fored by two conical sections placed with their bacon together.

The lower orono contained the fuel nozzle and air holo and was tha Prmo

air-fuel (,one uood in previous chamboro. Air entered the prccoerbuo-

tion chambor through the air holes In the oair-fuel cone eAJ formed with

the fuel i vary rich mdxture which was ignited by a spark gap placod

in the precombustion chamber. The burning rich mixture wtv then din)'.

charged through an eritiee in the top of the prooembuotion ohv.-Lor lntn

the burner. Hero, more oir woo introduced through the vertical air

slots in the burner and a viry combustible mixture was formed and c'n-

buotion then rooeeded in the burner.

In order to assure an adecuate supply of air to the procom-

buation chamber and to mantain a slightly higrhor pressure than in the

burner, soparate air supplies to the precombustion chamber and to the

burner were installed. It weo also felt that separate air supplies

"-
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woul1d eable more accurato control and etudy c o th m eonbuotion chamber

pe.f.rioa ano The air to the preoombustien ohamber was called the

"prlv2rd air and that to the burner, the "oeondary" air.

Burner Dfo. 4 was uoed in this rodeuignod combustian chamber.

It was again suspended in the combeation chamber with clearance for

expansion. Sooondary air was brought in on a level junt above the

orikhoo between tho prooombution chamber and the burnor. The perform-

ance of this new combustion chamber wao very gratifying; it confirmed

the belief that completo combustion within the burner could be obtainoJ

if suitablo provieons fbr mixing and ignition were provided, namely,

the preeoibustion chamber srrak~.oaent. This oombuotion chamnr was j:ot

through a number of performanco teota. The mayx mum capacity vie the

point of greatertinteroot and the object of the toots wit to dotermine

this oapaoity. lnItion could bO accomptliohod rather wel 1 . tluwover,

in starting the ovtration of the combustion chamber, the mixt-..re ratio

tWta very eritics ifioulty in atarting was encountored ufleae to

mixture was near tho !orroect value. Pull capacity of the combuation

chamber was reached %,on all the air that could be eupplied wee supplied.

After about, .5 cdutoe of oporation at full capacity, the burner failod

and performance cooed. Later Inpection ehowed that the upper portion

of the burner had molted and bad actualy burned. The tempera tw of

the burrer had obviously been above 2800 F. Pigure 5 in a photograph

of burner No. 4 ehewing the daeoge resulting from operation at full

capacity. Although the performance of the combustion ehaer wan good,



-22-

the length of operation was limited by the failure of the burner to With-

stand the high toemperature reached In the combuation procoaa. nco

length of operation was an important conaldoration, doign of a now

burner was un dertakon in an attempt to ovarcome the trouble impoood by

tho high temperatures created in the burnern.

In view of the fact that al.l provl)uo burners had boon ne

of heavy material, i.e., rather ma oivo cnontruction, and hod not Frnived

capable of withstanding the groat hoot within the burnor, the poonabllIty

of eucoaoafully ueing light gagoe shoot steol aoomod worthy of Invo.mt1ga-

• ation In addition b bottor hoot transfor thro ugh the wenl. o' the burner

(which would lower the temperature of the wall if the aneintod hopt

were removed), greater flexibility in oeign and easier fabr-aLlin

of tho burner could be achieved by uso of light aho?.t steel, ::ce the

procombuotion chamber had provod oueoonrul, it wis again oP In th

combustion chamber. Only the burner wan redeoigned,

There were four burners of the name gencral dosi,n (on3tru.ctad

and tooted. The basle doot woo dcoignated i No. 5; the Mdific tIono

wore olasoifled oe a, b, c, and d. All of the burncrs were constructed

of 26 gage black iron. The bavjo dosign woo a burner crn'oeew of two

etions Joined to form a single unit. The lower notion win a per-

forated cylinder into which secondary air entered and mve'd with the

rich mixture flowing from the prooombtation chambor. The upper rectln

of the burner was the actual combuatlon apace. It was Blightly crn col
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MIC .4,

'  in ihope and extended from the purforated mixing acetion to t.e ox-

hust nozole, Ts two sections nore Joined to form a singlo unIt vhich

was suspended In the combustion chmber in the aamo manner ae burner

is. It, The principal differonve in the burners of thia genoral donign

*:Was Ln the lengthe of the two section* formd.ng the burner. Theao di-

mensiono vsro varied in an effort to tind the beat proportirna f-r the

burner.

The construction or tho perorated section in rataor Antor.

Pr " " eostina. It was known that turbulence in the oecondary a .nC chamber

would greatly aspodito combustion, and oince this wue nocv43sry, a

mothod of oreating turbulence within the Wxing portion of tl'- burn-r

was daVOd. Circular porforations woro azod for the entruni )f the

air. In the perforation procoos, holover, the blants ws o - t d-tsah~ d

from the shoat of ni.tal (which formed to walls), but rnthor wore

partially out out end then folded out froma the j4tiao of tc .ett. saheet.

In this way the perforation blonk, directed the flow of air cnAt& , the

air to enter the burner targeatially producing turbulence. Piuro 6

in the Appendix shows detail views of the porforoted section of the

burners

In burner Vo. 5a, the two seotions wore joined by areows in

th'ee places, leaving a small air gap between the sections. A lina

of holes was drilled around the top of the burner Just under the exhaust

nozzle to allow some of the socondary air to flow over the wa le of the
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burner to cool thom and then enter the burner juat ahead o! tho ox-

hauot no:zle. etn on this burinr proved it to be very 'watinf&otory

A "hot opot" dovolopod at the air gap whore tho two ections of the

burner were Solned and the burner was badly damaged, Powe 7 in the

Appendix 16 a photograiji talcon of the burner atter It had bon in op-

eration at full capacity about five minutes. Tho hiluro at ttho aJ.r

gap Indiotod that the mixtreo for best hoat release Pao being formed

at the air gap. The mixture should h&c baon eetablished In the mnidng

portion so that combaesion could bare taken place throW&hut the burnor

rather than at one place in the burner.

Burner go. 5b had a shorter ndtxi ooat5-.A than No, 50t

In ndition, the two ectciona were welded together so thut there wee

no air Cap. This burner also had a line of air holoo around the top

so that air could flow over tho outeido of tho walls and cool them,

The tests on this burner wore very informative althouCh the jorf(nrmnnco

of the burner was far from eatiofactory. Af'ter about five ainutes of

full capacity operation, the combuti-n ehambor ceaused to operate

proporly, i.e., the oporation oould no longer be controlled. later

Inspection showed that the burr.or had boon burned away in the region

of the air holes at the top. As in the previous burner, it woo evident

that proper mixing wao not being obtained in the mixing portion of the

ohsnbo-.° In both oases, air eGtering in the combustion region of the

burner had oreated a mixture rolebsing onormo-s ouantitios of heat In

a smnll volume. It was obvious that until proper mixing was achieved
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......... t part of the bumot ay air openlM in the upper portion

of th6msi vuld produce at ,hot apot", Figure 8,,Ai a photograph

or burner No* 5b, taen aftor Its talaWO.

iunar to. So was dooignod with the h,-,o of overcoming the

dI fie t4ee previouo*3 enoountered. Since as long a space -A rovi!V

w e needed for combustion* the mixing portion of the burner vtwe ~o'.otoned

still ore. Docause it was shortened, snre air holo vere ad'ed in

order to adait the onep amount of air. go holes 'Tre drilcld around

the top of this chamber to allow air to flow over the burnor, bonteo

of prvious Oxperience vdth the air holas The roeults obtained ,ith

this burner wore about what were expected. After about thros mini tes

of operation at full capacity, the burner failed. An examination of

the burner showed that It had been oeverely damaged. The uj er porLion

whore combustion occurred had moltod and burned almost be .,o. reccgn-

tion indicating excessive tomporaturou over cults a regin ir the turmor.

It was obvious that Isok of air circulation over the ourfaoo of the

burner had promotod the deatruotion of the burner. Thie wAn definite

proof that air circulating over the utile of the burner could be bone-

tfical in cooling the ualls. Figre 9 in the Appendix is a photograph

of the burner obowin& the dotarlorktion affeoted during operation.

Since none of these three bursnra had proved eatively suocoooful, a

major design change wav felt to be nocessary.

The baoio principal of the aree previous burners was

bolieved to be worth retaining, however. These burners had shown
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boyond any doubt that combuation could be complotod within t1he burner

if proper minW of the charge wore achieved noar the entran;uo to the

burner. Furthermore, the procombuotion chamber and the mixtng porti)n

of the burner bed functioned wel In oaoh of the throe canes. T he

simpl oity of design and eee of fabrication of the burneor tiad before

mode the further use of tho baoai design atLractivo.

Burner RIo. 5d wan very similar to the other throo burnern

of thi series. The perforated cotion wae 6 inches in lengtb rd tho

combustion portion wa 6 1/2 inche long. No holou were drilled around

the top tor cooling. The eombuction chamtor deosan wae c'hanzd con-

aiderabl,. In previous ohamboei #he aecondary a.r vav brought Into

tho air space around the burner at the bottom of the burnar. It had

boon brought in in an axal1 direction. This wan chinty-d so that it

could come In at thin poeottion In the eh~r.bor bA-t in a tr,-,oriti 91

dirootion. In addition, orranymento tmre mace tr.at jert or ?*'I '

the secondary air could be brought in at the top of t0 omLtUcn c'I'tr.

Control valves woro provided 3o that tho amount of air tr .. 7) t .n at

each position could be controlled. The air entered in a ttnaontlal

dfrootion. 1 brintng the air in at the top of the combustion chal or,

the air peased over the burner wall@e on its way to the mixr# cwN)er

thus cooling them. Figure 6 shows a oroes section view of ,e eOntre

combustion chamber asocm br so well as dotell viev2 of the burnnr nrd

the sir Inlets.

A* O
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A na(bor of tesa were peorformd on this burner and all of

oet W ver enOouraging. The burner was operated at full ca~oity

'-A uber of occasions for periods of timae ranging from five minustes

. t... f iete danutea. The burner a.owed evidence of high tenportC'erO

.. ,oubterOd, but it wae not damaged to the point of uaolooones. Al-

together the burner was operated for about 45 minutoo. Figuro 10 iv a

hotograph of the burner taken after Ito operation. Combuoton oc-

eurred within the chamber and high heat relesO0 ratwo were obtained.

All of the secondary air was delivered at the top of the combustion

hambor In order to got the maximum cooling offot on the burner.

Reasonable fuel-air ratios woro mAintained during operation. The por-

fornmance of this burner is explained in detail by the reoulto eivan in

Table I and by the din o osion In AnAlysla of Reoults.

VI. ~ALY3S LF WSCR

It wa pointed out in the Introduction that tho dooign of a

combustion chamber entails a consideration of the desired performance

charaotorlatleo, on analyls of the factoro affecting theoo ;4rform-

once oharacteritlco, and a coordination of these factoro In ouch a

manner as to produce the desired porfor anod charactoriatico. dhon the

investigation was tirot startod, tow of the factors affecting rorf, rm-

once wore known. However, as the investigation proceeded, more become

known, and measures wore taken to satisfy the restriotiono imposed b"

them.



~ ~ -28-

Tho 4duaW~ at a om bution cheanbor acoma relatively simiple

~1~7~ ~,~bit, thought. The rsqurnments are eimply a chamber in which com-

bustion can ocour, a supply of fuol and a oupply of air. Whon the

investigation was first started and little we known about the problom

,onwOatd with high hoat-reloawo rates, the combuetion chambers wore

Indeed Siaple affairs. In an earlier repart on the sub'act, Leogrese

o&-OD AR heovettool end £.rcnntal Inveootiation o ptegJi

DQV1ics a dotatlod account wan givOn of the stopo tnvclvDJ ,W, dir-

ticultao encountered in the doeign of a practical ahibor. In the

avry work, the princaipal goal was to wprk out a baeic dooign for a

comuastion chamber, a desiga which could be usc for study so that the

problea of oombustion and combustion chamber perfornanco could be

analnsd and Ilprovod. The work was aucooonful In thMt a bholo doeign

was workod out.

This later Investigation concerned the study of the conbustion

process, control of the variablo fcotora affecting combuetion, and the

rofinament of the baoic design. In the prolimiary work on the problem

when the basle deosn ima being worked out, a number of problems wore

encountered which were both baffling and troubleocme. The tvo caunine

gretectditficulty rare the deterioration of the burner by the Intense

heat of the combustion procaeo and the tendency for a)buotion to oceur

outside the burner, I,. beyond the thrust nozzle. The &nover to the

firet of these two problems seem to be either to find end uno a heat

roletvig mterlal or to cool the burner no eftectivoly that it will
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not be afeotod by the best. The atower to the second problem is mimcn

more complex. When the nvetsigation was first etarted, little could

be done to Improve oombuotion until informAtion pertaining to it wore

W gathered and analyzed. Then aome very Important facts become Inown

and their influence on the overall picture bocame evident. There wre

other considerations, of course, in the dooign of a good combustion

chamber. Thejy were, however, secondary to the other two prmbl.a men-

tioned above. In this eooodary claooificotion were oonridoraticna of

e.1 and proportiona of the ohaaber, oafacity of the burn. for roleaeing

hue ooneiteno y of purformnnco, and starting ability. These wore con-

sidered of aecondary lmportanoce, becauso, although they were Important

in the final 9valutiton of a combustion chamber, thoy were not suitable

criteria tor rating baice designs. It ws felt that once a suitable

basio dotlgn wore found, it could be modified to meet otlor r3qirrtonto

that were desirable.

All of the burners designed and tc-tod were doeiged wvith

the idea of the burner withstanding the het of combustion forooot ;n

mind. The experience with theproolain-eootion burner indicated that

the task of finding heat roistant materials was lengthy and probably

fruitless. Inauiries were modo of compardoes mnufaoturing alley metals

and none could suggest a material suitable for the work. The fragile

nature of porcelain made its use anattraotivo. Therefore, cooling the

walls of the burners was the on1y alternative.
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The water cooled burnor wo not a completo guaceso. evor-

thelen, it would aem to offer posoibilitios. Control of the tompr-

atu of the burnor wall ivould be poeiblo. It waa noted during exper-

iments wdth this buner that wall temperatures had a great affot upon

the cobustion within the burner. Thue, a certain amount of oontrol

ove combu tion could be had by controlling burner wall temperotures.

It watr weare usod as a coolant, in the short lived applivation of the

bumr this water could be converted to steam In the cooling element

and this steam then injected Into the burner Junt bolow the thrupt nozloe

to Increase the mass of gas oxpanding through the coz;0le. Thie Inoroaso

In UI WoUld 1flroaso the thruat of the nozzle. ThiD idea soarno to be

plousible In comooction with an application of the burner to the 'tfl.4ng-

bomb '$

For burners to be uoad in aeroplanos the eomplcit y of a

cooling eystom containing hoot exchangora and porhaps atorago tanks

and pumpa would be undeoirablo. In thia 6se th2 obvi.,us a Aii. for

tooling In air. Purthormoro, the use of the air for combustion in

losiocl. This Wir would be under pressure and could be directed no ad

to flow over the hoatqd surfeoco before entering the burner.

The last combustion chamber built and tooted incorporatod thia

Idea. The five proceding combuotion chambers ware also designed with

the Ldea of cooling the burner by the combustion airl thwe dosi na,

however, wore rather orude end ineffectual. Combustion chamber No. 5d

wan euooessful and proved that the life of the burner could be prolonged



y cooling, It Wit the oombustion air. Undoubtedly, future work on

0 atcio olwa*6r deoisna will produce ref nemente alloging More ef-

footiva air Coolin of the burner.

The complete answers to the problw of ocombustion were not

obte ined in this invostigatioh. M7any Ja o tnt fact econcernrng the

problems were learnod, howveor. T*- problem of restriotinS combust inn

to the burner wva the moot cerious difficulty onoounteed. The im-

portance of this problom should be recornizod t once, UnIos tem-

buation 16 root.rited to the burner, the pu; ot c of the o,t Ltic Nhrif-r is

lest. By rotrieting combustion to the burner, control ovar .om~ju3Aon

and utilization of the ecmbuotion geanu are osiblo. 'iho,. comb-4ctlon

occurs beyond the thruot nozzle, the fuel-air ratio hen n. signifconeo ane.

the rate of heat release in meaninglooe.

A nuber of conditionn wore found to arfct caobu,:,rn; th-e

wore velocity of chArgo through the burner, procoure in the bur:,I.,

eompletenese of miAing of fuel and air, and ijaition lAg. It in ofiOly

understood bow the velocity of the oharge or mixture through the burnoz

direetly affocte the combuation procooe. If the velocity In too bleh,

the tm9 availablo for oombuotion within the burner is leas than the

ti e noodod for complete combuntion. If the velocity is too low, the

groetod eapoity of the ecmbuetion chamber can not be realead. The

ideal velocity would be ouch that the time for the mixture to travel

through the burner and the time for tho mixturo to burn completely would
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4!Cbe, he er Sow method of controllns velooltioa through the burner

'"am3d be nocessatry bacauce the time for combustion would vary with

ths fuel-air ratio of the mixture, proerure In the burner, and tamper-

! a.sture In the btuner* Although the roU.tionahip between voloaity of

1he ofie, and the omrbustion prooess is knovin end hoe boon inveeticatod,

te o tsii of coordinating the two was beyond this otage in the inveti-

The ouvatton of capacity of the burner is of particular In-

torest end importauio. Obvlou.a1. it is do blerbo to burn ano much fuel

s paosible within the burnor, for the greetor the ouentity of fuel

buined the greater the cuuntity of exhaust gaeno produced. However,

all the fuel cut bun within the burner or he advantage of groator

fuel colsumption is lost.. If combustion occurs beyond tho exn tuat

aoxcle, then thO additional. fuel burned above thet which would b) burred

entiroly within the burnor doe not reprsoo 4An inoroaeo In *raity

but rather it ouese a doereaeo In thormal ofricioncy of tho combuetion

chamber, since the additional fuel does not produce exhaust geaoo which

can be utilized by the exhaust noale.

?uwthormore, the ounntity of fuel that can be mixed vith air,

igaited easily, and burned in the oombustion chamber, can net be taken

as a measure of the offoctivenona of a combustion chaiabor dooign. The

onl correct mthod of rating a burner is by tho mount of fuel burod

(or beat releaed) entirely within tho burner, for ohty after the fuel

i burned can the hot, expanding exlaust ganog be used.



The fuel-air ratio ot the mixture is a factor in the ccm- -

bustioA proceo o The fuel-air ratio aFects the rat ot flme propa-

pation ad also the ability of a irbustion to be completed within the

burer# If the xixture is too loan, IgLition lag booomou ecoenivo and

tim wit of fiela travel to roduced. On the other hand if the yd Xture

in too rich, combustion cannot be completed within the burner. The

ohsmloal2. correct tuol-oir ratio is about 0.0665. Aen mixtureo much

rioher than this ore used, it io inevitable that come combuotion wLl

occur outside the burner whore air in available. It in dcsirablo,

howaver to have a rich nixturo at the po.nt of ignition. Than oufficiont

air should be Introduced into the burner to produco aa ,eoar y no Poo-

sible the ohoemically oorro t mixture.

It was mentioned in Combustion Ctambor $tudlo3 that a(ic

difficulty was encountered with ignition. Thin difficulty ran in ac-

cmring an ignitable mixture in the fuel-air cone whore the ign'tion

epark was located. The time available for igniting the mixture wba

very short, so the al turs had to be vor; receptive to the opark if

ignition was to occur. This ai~peared to be merel , c'uestin of pro-

docing the right fuel-air ratio, but a0 much trouble wan expcricncod

that swe poetivo method of ecouring 4.gnition won deranded. The Idea

of a precombustion chamber wqe the anoawar. The original patent claims

for the precombustion chaker as applied to the compression I&nIttnn

engine speak of the rrecr buation chatter e a method of ignition. A

)



... rih mixture is ionited in the preoo.ibustion charbor and disaoh ',.od

__r1~t th9 main Ohambor whore omibustion takea place, The procorbostlon chamber

doa vs Incorporated in the coobuntlon chamber doi Ln and proved

: Ucc.ssful. There is some doubt a to why th* pr.combuotion Chambeor

improvea L nItion. The probable anrpor In that by opraying the fuel

Into a ana i closed opaeoo a highly ignitable mixtu' is forma-4; then

by d acharain this burning mixture through an orifice .Into movi&Ig ,

in the burner oxallait mixing ot the rich mixture with the air .1 a

ahievod &nd combusotion in oomplotcd rapidly within the bt,'ner.

It is important that all of the ecconda, rAr (idr ,- com-

bustion in the burner) oter the burner nuar .he orm-ce from the

precombustion chamber. otherioo, coniilon will 6o dneyV6t, peo:,~~A

even prevonteod from beigr complet.ed In the burz o-,

It ws found that the oapacity of the tu, nor or t'.c . !.,

of fuel that could be bu:-nd was a furtion of thj 1'russturo In "lo

burner. After the imring up porlod, the preeoure in the birror hAd

to be '.nnroa3ad before an vrpraefnblo uantity of fuel coUld h, burood,

This mado the vi~o of th) exhaunt noi7lo critical, bocatic tha 3|ho of

oxhauot nozle dotorminod how much preanuro coiLld be built up In the

burner. Tho roasona for the affect of prtecuro upor combuot-i are not

fuly Iownn It 3eeo 1robable, however, that Fresourc In tho btrr.ar •

ie an Index to the weight of air In the turner. The weight of fuel that

con be burned is, of eouroO, derandent urn the wil:ht of air available.



T hither the pressure in the burner the greater the woight of air

mnd the Creator the weight of fuel that can be burned. There in a limit

to th. pressure that can be used, however, since t air for combuo-

tioA must be coktreoaed, This limiting proesuro ia that prer~ure which

to obtain 4li. reouire more work from the comproeaor than can be real-

ized from the additional fuel burned becauo f the ineroaae in proo-

It also ecoma probable that ,oombuotion in imrroved by hIgher

pressures In the burner booane the rate of flame truvol incronvo Ith

proasure. This Io be ause the mixturv La more dense arac bettor mIx~ng

haa taken place by divoharging from the precombustton ciambcr Into

the more donee air in the burner.

The final combustion Gaa~ibar dcceiine<1 tnd teatd Wvio daift~ed

with the facto dieousod I a. arction in mind. The ;., rror.arkc(- of

this combuotion c'.aaber wao p fying because it uubetant'itad most

of the theories proposed roetu ".ng the oaign and Ferformance of a high

hent-roloeae combustion -hnmbur. By eo: lin, the burner w~llo with the

combution air the life of the bu nor waa lengthened; the procombustlcon

chamber provided effective starting aa well as good ignition of the

charge; the combustion chamber vas operated at roar-nabhl fuel-air

ratiov; corbuntion could be reotrictod to the burner; and all of these

were accomplished without using spee!al matoriala, hieh preouros, or

docreaning the heat-release rate.
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An shown in Table I the final test or thib cham-er gave

3a heat-reloaee of 21,600,000 B/hr per ft of standard atmoepheric air

in the burner, The chamber operated at a fuel-air ratio of 0.0789;

*+ +- although it Ua on rich aide, very little oombitetion oeourred outoide

the exhaust nozzle. Sinoo the fuel-air ratio was on the rich side,

the heat roleae. of 21,600,000 D+Ir ft i g.llihtly high bco' u soma

of the combustion had to take place in the o:tside atmosphore. GIimn

aloe it Table I are the heat rolaases anowuins a chemioully cot .I,

fuel-air ratio and all the air ueod for combution. Those heat re-

leases are more nearly correct.

Tis combustion chamber denign in careible of ref inoent and

tmprovamert. Stainless toole vould be much bettor for burn:ra ard

mixi Chambers. Botter distribution of air to the brner w k.ld 1nr''/e

Zd n and combustion. An ougnontor ty v of dovlco w s , 1.n -A'

11o. 5d as ohown in Fig. 6 to cool the xchav..)t noz7le, I ;.,'t (I, I ;

Sork remaine to bu done on this part of the apparabus. Optimum size

and shape of the nozzle should be dotormined and hero too Otainlesa

steel could be uned to advantage. The problanof fuols tor m,::h a com-

bustion o iaber has not boon investigated. Thorough testi of vaHr4 our

grtadeq of fuel oil, kerosene, and goaoline ahouLd be mde, The otnoation

of optimm prosasroe in both the proeombuotion chimber and the burner

is at present unansered. AU of those en be anawerod only by tuturv

Investigation.
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The burners that wore constructed and tested i , this atudy

~ have siown eapaoitiaa for burning large quantities of fuel per unit of

combuotonchimier voluwt, but th , temperature. attainel by tUo ata1.

wells, when operating at high ratne, were oxceeoivo. Attem.A to cool.

the burner walls b7 air circulati-n of othertdoo were ouc!os4vul In

pralongSIM the lift of the burnora. However, comrteto imw.:nity to

the high temporatir.e wasn achievot only by cooling to t point wh3re

combustion as-to urnatinufotoy. It became evideat thuit n'r-volatfle

i fuels rmuivre extiamely high burner-wall toat:-attures If ye, orIv.utA -n,

Ignition, Bnd uixinr/g with air are to b oe ffut-ed in the ohort tiz.o al-

l.owable in a burnor of this tppe.

The procombuotion ohambor type burner u-vi In tic - Pt r-.,: -t

t e a t s a p p e r sr u t o o f f o r a s o l i t i o n t o a t l oe a t a f o rt i ,o & " t h o ,I r ..' fj p

by speeding up the charge profaration pror'sues. Ilt!ai "jx.n , jzrtial

vaporization, and ignition of tho ri h mixturo forwd In th pro .--

buotion chambor, and Ito subsoquet dinchargo at incromriod volaonty

Into the rain chamber result In moro rapid combustion. seciida y air

introduood with x al owirl around this Jot of burning fuel carrion

combustion to completion in a o! ortor epooo than A=oe the liqUid in

sprayed dLreotly into the burner proper.

So many variablen are involved in this two-compartnt'burnor

that conaiderable experimontation in necoo nry to establish optlrmam



ir conditions, The weight ratia of primary to aecondAry air,

w.ife oat conneoting orifle, ratio of hawb et volume and sizo of outlet

*$$I* all effect performanoe and must be coordinated to produce beat

UP rwaulti$ It Is possible that the perforated innier slove can be rodifiod

- , ~ to the eXtent of reducing it to a ahort baffle at the eooondary air

inlet.

It appears likoly that this construction can be n;,Iied to

a jotb ogjrn advantogeousty by forming a singlo annutlar eobuotitn

chamber continuously surrounding the oomproavor. The annilrwr nbhabor

formed by two concentric cyllmdrical walls wo.ld provide coneidernbly

more cocbuotion-ohebor volume In the same oeroll upace than the total

of the separate cylindrical ohambers ,iow uood bocau3o It wotild Inolulo

the intoratioes now wasted. The oeconda.7 air, If introducod with a

clroumferential component of voloo.ty, wo.Id 1rod,.-o d q-,-Irry rotU.tilg

flame that ohould roadi]l, mix the Pair .,-th the unburnod ftui Ann brIna

ceobuotion to onmplotion within the burnnr,

An appropriuto nu.ber of proconbuation chamtorii, ar-rsn,,d

around the froat end of the annalar chatbar, would introd. ^e Lo mixturo

of fuel and primary air into the oeondnry air in the mWn rhzr,*T well

prorared for burning. The increaod cembu:tion-chambor vol LTIe &nd

decreased vall area should Snprove cortustion, whilo the A',mt-if d

conotrvotion in the hotteot reolot. Iho'.d $rove 1-,-nor 1 iicl ttn' tho

separate burner arrangement

-310-- M



The advantages offred by an nmular burner of this sorts

it the detaila can be worked out, are obvious. The poeib~lity of

perfeotiag tho deigon oppoaro to be grest oaoutth to juotity Curther

experimentation.



(b) Computations

C)Photojgrapho, Draiwings
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3
Preobution" &aaor voluae ............ 0.C ft

Buer volume . ............... . 0.0355 ft3

Correctiq theas volumes of air to volUss at standard condiltion

(OF" and 29.92 i.HJg).

aV .. 46x c 423j~ 60 F

V a 0.00956 
ft3

V a 0.0355 x M .L -HpK 60F

3
Ve a 0.0378 ft

3
Total oorrectod volume z 0.0473 rt

Uaing Bureau of Standard approximation ror hoetn.r. "- 'o -f fitt -

Ii.V. o 1P.690 A (API - 10)36

I.V. a 18690 4 (37 - 10)36

H.V. = 18690 * 972 w 19,6h

Ua* N.V. as 19,600 Wib.

Rea releano 9 19,600 x 54 v 1,060,000 B/br
3

host rolease per ft of standard air in burner.

I.-0-0.-O3' 22,400,000 B/hr ft 3
0.0473 ft3



Stat olease a 19,600 B/lb x 52 lb/hr

Beat oleao * 1o019000 B/h

Neat release per It pf comustion chamber volume

Bout release a.aM2 3SAr a 21,600,000 P/hr ft3

0.0%73 ft

Auming ?/A of 0,0665 and that all of the air in the burner in utilised

for oembutioln

Wt. of air a 383 lbs/n

Wt. of fuel )33 x 0.0665 - 25.5 Ibn.

Heat release 19,600 x 25.5 - 499,000 B/hr

Heat rele .e per ft3 of standard air in the burnor

499,00 .r 10,550,0i hr ft
0.0473 V.

Wt. of air w 66) lbs/hr

t of fuel a 603 x 0.0665 a 42.5

Heat release a 19,600 x 42.5 - 833,00 B/hr.

Bat release per ft3 of standard air in the burner.

. 17,600.000 B/hr ft
3

0.0473 ft3
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pors -3ratod v~dnp sootimn

Fig. 21 8Drnor No. 2 ohowing~
the vatte cooled sqot1ion i d
betwoon theo ioing cootion (,r4
the upper bur~or ,tetion.



ti., N View ot buror No. La
beore' being tested ahowltV
the design of tho bwiwor.

Fig. 5v View, of buirner No. Is
after being tvOtod. Thtev sown

burnar by the higb~ Ltai-rt5e
in the burnor,
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